Several lines of transgenic mice with gangliosides GM2/ GD2 synthase gene were established, and the expression levels of the transgene in brain, liver, spleen and thymus were analyzed by comparing with those in their litter mates. Among four tissues, brain and skin showed markedly high expression levels of the transgene in Northern blotting. Particularly, transgenic mice skin showed about 10-fold higher expression of GM2/GD2 synthase gene than the wild type mice skin. Therefore, alterations in the morphology, glycolipid components, and responses to the exogenous stimulations in the transgenic mice skin were examined. Gangliosides in the transgenic skin were dramatically converted from GM3 to GM1, whereas no morphological changes were observed. However, when skin flap test was performed with insertion of nylon membranes under the skin flaps, much stronger inflammatory reactions consisting of edema, marked thickness, and cell infiltration were observed in the transgenic mice compared with the wild type. Similar enhanced inflammatory reaction was also observed in the skin injected by silicon gel, and in the peritoneal reaction to the injected casein. Main cell population in these inflammatory reactions consisted of neutrophils, suggesting an increased sensitivity of neutrophils to chemotactic factors in the transgenic mice.
Introduction
Gangliosides have been thought to play important roles in the central nerve tissues, since they are enriched in nerve tissues in many vertebrates (Wiegandt, 1985) . Gangliosides are also synthesized and expressed, though at lower levels, in many other tissues, and show characteristic patterns for individual tissues and cell types (Hakomori, 1981; Wiegandt, 1985) . However, it has been difficult to clearly investigate their roles in various organs and tissues in vivo, since modification of ganglioside profiles in a physiological manner has been quite difficult This is mainly because genes of glycosyltransferases responsible for the ganglioside synthesis have not been available. Although, addition of exogenous gangliosides might change the characters of cultured cells in vitro (Tsuji et al, 1983; Ledeen et al., 1990) , or injection of them into experimental animals might induce changes in biological functions of some particular organs (Schneider et al., 1992) , precise changes in ganglioside components in individual organs have not been clarified. Consequently, clear biological effects of gangliosides and their mechanisms for various events in vivo remain to be elucidated.
Since Narimatsu et al. isolated 31, 4 -galactosyltransferase cDNA (Narimatsu et al, 1986) , more uian 40 glycosyltransferase genes of vertebrates have been isolated and their manipulation for the genetic modification of carbohydrates has become possible. Many of these genes, however, are responsible for the synthesis of carbohydrate chains on glycoproteins. p 1,4-N-acetylgalactosaminyltransferase gene ((31,4GalNAc-T, GM2/GD2 synthase; EC 2.4.1.92) isolated by us (Nagata etal, 1992) is quite important in the synthesis of majority of complex gangliosides including asialo-compounds (Yamashiro et al., 1995) , since uiey are synthesized via the action of this pl,4GalNAc-T (Pohlentz et al., 1988) .
In the present study, we have established several transgenic mice lines of |31,4GalNAc-T gene, and the expression levels of the transgene were analyzed by comparing with those in their litter mates. Among four tissues examined, brain and skin showed markedly high expression levels of the transgene in Northern blot. Since transgenic mice skin showed about 10-fold higher expression of pl,4GalNAc-T gene than the wild type mice, we have analyzed the changes of ganglioside profile and their effects in the skin tissues of the transgenic mice.
Results

Expression of fil,4GalNAc-T mRNA in wild type and transgenic mice
pi, 4GalNAc-T transgenic mice were generated by the construct with a mouse cDNA clone pTm3-5 (Figure 1 ). By Northern blotting, we examined the expression of |31,4GalNAc-T mRNA in brain, thymus, liver and skin. As previously reported (Yamamoto et al., 1996) , this mRNA was abundantly expressed in me brain, and moderately in the thymus and liver. A low level expression was detected in the skin in wild type mice. In transgenic mice, mRNA of this gene was expressed about 3-fold more in the brain and 5-to 10-fold in the skin than in wild type (Figure 2 ).
$l,4GalNAc-T enzyme activity in the skin of wild type and transgenic mice
Membrane fractions from 15 week old mice skin were prepared, and (31,4GalNAc-T enzyme activity was measured. As shown in Figure 3 , in wild type mice, the enzyme activity of pi,4GalNAc-T was 78.3 units. In transgenic mice, it was about 100-fold higher than that of wild type (TgAct-32, 6902.7 units; and TgAct-12, 11696.4 units) .
Expression pattern of gangliosides in mouse skin
To examine the expression pattern of gangliosides in skin tissue of wild type and transgenic mice, we isolated gangliosides of skin and analyzed by thin layer chromatography (TLC) using two solvents systems. In ammonia-containing solvent, GM3 and N-glycolyl(NeuGc)-type GM3 were mainly detected in wild type mice ( Figure 4B ). In the neutral solvent, one band which presumably contained GM3 and NeuGc-type GM3 was detected in wild type mice ( Figure 4A ). On the other hand, one major band (GM1) and a faint band (GM2) were detected in transgenic mice with both solvents ( Figure 4A , 4B). Electrophoretic pattern of skin lysates from wild type and transgenic mice showed no marked differences except slight changes in the intensity of a few bands, suggesting that glycoprotein profile in skin of transgenic mice was not affected so much (data not shown).
Distribution of fil,4GalNAc-T mRNA and the enzyme products in skin
The morphology of epidermis, dermis, subcutaneous tissue, hair follicles, and other sites of skin in ^l,4GalNAc-T transgenic mice was indistinguishable from that of wild type mice ( Figure 5A ). f$l,4GalNAc-T mRNA expression in skin was detected by in situ hybridization. In wild type mice, hybridization signals were detected weakly in hair follicles and external root sheath, but not detected in basal layer, prickle cell layer, and granular layer of epidermis ( Figure 5B ). In transgenic mice, signals were detected with the same distribution pattern as wild type, but they were much stronger than wild type ( Figure 5C ,D). Main ganglioside in transgenic mice skin was GM1 according to TLC analysis. GM1 distribution in skin was, therefore analyzed by using F1TC-conjugated cholera toxin B subunit which specifically bind to GM1. In wild type mice, GM1 was moderately detected in epidermis except for horny layer and weakly at hair follicles ( Figure 6C ). On the other hand in transgenic mice, GM1 was broadly and strongly expressed in all cells including epidermis, hair follicles, and connective tissues ( Figure 6D ). These staining patterns seemed significant, since no staining was observed in the skin of knock-out mice of pi,4GalNAc-T gene, in which GM1 was completely deleted ( Figure 6B ).
Surviving rate of the skin flap and histological analysis of the flap region
Generally, the distal portion of skin flap became necrotic and the necrotic area enlarged slowly over 10 days. Seven days after operation, surviving skin rate was measured ( Figure 7 ). As shown in Figure 8 , surviving rates of wild type were 67.34 ± 5.28% (Actl2) and 56.55 ± 8.99% (Act32). Those in transgenic mice were 45.87 ± 9.29% (Actl2) and 41.00 ± 9.29% (Act32), respectively. Significant differences between wild type and transgenic mice in each line were observed by Student t analysis (p < 0.01). Wound sites of skin flaps were examined by hematoxylin-eosin (H-E) staining at 7 days and 14 days after the flap operation. In transgenic mice, edematous thickness and infiltration of abundant neutrophils and some mononuclear cells around the membrane were observed at day 14 ( Figure 9B ,D,F). On the other hand, infiltration of leukocytes was scarcely observed in wild type ( Figure 9A .C.E). A few foreign body giant cells were observed around the membrane and sutures.
Skin reaction to silicon gel
To analyze skin reaction to foreign substances, silicon gel was injected subcutaneously at the back. After 7 days, inflammatory cells especially neutrophilic leukocytes abundantly infiltrated around silicon gel in transgenic mice ( Figure 10B ,D-F), while few inflammatory cells infiltrated in wild type mice (Figure 10A.C) .
Cell numbers and components in peripheral blood and peritoneum
Peripheral blood cells were collected from tail and counts of red blood cell (RBC), white blood cell (WBC), and platelet (PLT) were examined. None of them showed significant differences between wild type and transgenic mice (data not shown). Cell component of WBC was also analyzed by MayGiemsa staining. However, no significant differences between wild type and transgenic mice were observed (data not shown). After injection of 1% sodium casein into mouse peritoneum, we collected inflammatory cells from peritoneum. Cell components of inflammatory cells from peritoneum was analyzed by May-Giemsa staining. As shown in Figure 11 A, total cell numbers of wild type mice was 4.8 ± 3.1 x 10 6 and transgenic mice was 1.2 ± 0.6 x 10 7 . Neutrophilic leukocyte of transgenic mice was significantly increased about 5-fold over wild type mice (p < 0.05) as shown in Figure 1 IB.
Ganglioside expression in neutrophils
For the analysis of ganglioside composition in neutrophils in mice, immunofluorescence assay was performed by collecting peritoneal cells from mice treated as described above. The results were shown in Table I . As expected, neutrophils from transgenic mice showed much more GM1 than those from wild type. Expression of GM2, GDlb, and GA1 also increased.
Superoxide production of peripheral blood cells
Peripheral blood samples were collected from tail and were stimulated by opsonized zymozan. Then chemiluminescence (CL) response of them was analyzed to compare the capacity of superoxide production of neutrophils. As shown in Figure 12 , CL was increased until 5 min after stimulation and then gradually decreased in both samples. Significant differences between wild type and transgenic mice were not observed.
Discussion
Remodeling of cell surface carbohydrates has been tried by various approaches such as inhibitors of enzymes involved in the processing of carbohydrates (Neefjes et al., 1990; Koyama and Hughes, 1992) , enzyme digestions (Ito and Komori, 1996) , mutant cell lines (Ichikawa et al., 1994; Raju et al., 1995) , and addition of exogenous glycoconjugates (Tsuji et al, 1983; Ledeen el al., 1990) . More physiological way of sugar modification has become possible by the genetic manipulation of glycosyltransferase genes. In addition to the introduction of genes into cultured cells (Demetriou et al, 1995; Yoshimura et al, 1995) , modification of carbohydrates in vivo has been also tried recently (Marth, 1994; Stanley and Ioffe, 1995) . For example, transgenic mice of al,3galactosyltransferase gene (Tkematsu et al, 1993) , {31,4-galactosyltransferase gene (Youakim etal, 1994) , al,2-fucosyltransferase gene (Prieto et al., 1995; Sandrin et al, 1995) , and ot-l,3/l,4-fucosyltransferase gene (Bry et al., 1996) have been reported. In some case, serious changes in the phenotypes were observed as results of the over expression of the transgene (Dcematsu et al., 1993) resulting in the changes of carbohydrate structures. A transgenic mouse with a viral esterase gene showed in vivo cleavage of a particular sugar linkage (Varki et al, 1991) . Targeted disruption of transferase genes have been also tried, resulting in the incomplete synthesis of particular structures (Ioffe and Stanley, 1994; Metzler et al., 1994; Hennet et al, 1995; Maly et al., 1996) . Many of these studies are by the manipulation of glycosyltransferase genes responsible for the synthesis of glycoproteins. Therefore, altered phenotypes depend on the functions of protein molecules on which the altered carbohydrates harbor. On the other hand, modifications of carbohydrates on glycolipids directly indicate the biological importance of the molecules as demonstrated by Coetzee et al. (Coetzee et al., 1996) and in our own study (Takamiya et al., 1996) . There have been no definite studies on the expression and function of gangliosides in skin tissues. On the other hand, some studies have been reported by using cultured keratinocytes. Paller et al. reported that ganglioside GTlb inhibited keratinocyte adhesion and migration on a fibronectin matrix in vitro when added to the culture medium (Paller et al, 1995a) . They also reported that GTlb induced keratinocyte differentiation (Paller et al, 1995b) , and GM3 inhibited the proliferation in the similar culture system (Paller et al, 1993) . Therefore, we first expected that changes of ganglioside components in the transgenic mice should affect the morphology of skin or proliferative reaction at the wounded sites. However, there were no distinct differences in the whole skin architecture or in the basal cell layer during the wound healing between the transgenic and their litter mates. Immunohistostaining of the skin by anti-PCNA (proliferating cell nuclear antigen) antibody revealed a similar positive pattern of single cell layer at the basal cell layer in the skin of both types of mice. These results suggested that ganglioside changes as shown in TLC did not affect the reactive proliferation of keratinocytes.
The enhanced inflammatory reaction observed in the skin flap tests seemed to be mainly due to neutrophils, since a lot of neutrophil infiltration was seen around the inserted nylon membrane in the skin flap test. Very similar findings were also observed around the injected silicon gels as shown in Figure  10 . Multinuclear giant cells were also frequently found in the transgenic skin, suggesting the presence of strong reaction to the foreign substances. The leukocyte numbers and its contents infiltrated in the peritoneal cavity after injection of casein also indicated enhanced reactivity of neutrophils in the transgenic mice. The leukocyte counts and differential populations in the peripheral blood did not show significant changes in the transgenic mice. The production of superoxide by peripheral neutrophils was also equivalent between transgenic and their litter mates. These results indicated that resting neutrophil number and their function did not alter in the ganglioside-modified mice. Consequently, the remodeling of gangliosides resulted in the enhanced reaction of neutrophils to the foreign substances probably due to the increased sensitivity of neutrophils to the stimulations, or by the changes of other components such as endothelial cells, connective tissues, or peripheral nerves etc. Ganglioside profile of neutrophils in transgenic mice fairly changed as shown in Table 1 , suggesting that biological nature of leukocytes such as proliferation (Berenson et al., 1991) , cell membrane fluidity (Tsui et al, 1990) , regulation of immune response (Yohe et al, 1985; Ryan et al, 1986; Mbawuike et al, 1988) , and cell differentiation (Nojiri et al, 1986 ) might have altered as previously reported. Fig. 6 . Localization of GM1 ganglioside in mice skin. (A) Hematoxylin-eosin staining of wild type mouse skin (x200). GM1 distribution in a wild type (C) and a transgenic mouse (D) as detected by FTTC-choleratoxin B staining (x200). As a negative control, we used a knock-out mouse sample, since it does not express GM1 at all (B).
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Although detailed mechanisms remain to be clarified, our results clearly demonstrated that gangliosides synthesized inside of the cells might markedly change the intensity and quality of inflammatory reactions in vivo. Gangliosides in the brain of transgenic mice also shifted from b-series to a-series in the preliminary experiments. Changes of the nervous system in transgenic mice are, therefore, very interesting and detailed analyses are now ongoing.
Materials and methods
Construction of transgene
pi,4GalNAc-T transgene was constructed by using mouse cDNA clone pTm3-5 (Takamiya et al. 1995) and pCAGGS (Niwa el aL, 1991) . After extraction of Xhol fragment from agarose gel, it was inserted into EcoRl site of pCAGGS after ligation of firoRI linker as shown in Figure 1 .
Tail DNA isolation and PCR
Genomic DNA was isolated from mouse tail and amplified by PCR to detect Bl,4GalNAc-T transgene. PCR amplification was performed with 0.1 u,g of genomic DNA, PCR buffer (50 mM KCl/Tris, (pH8.3)/2.5 mM MgClj/0.01% gelatin), 0.1 fig each of primer (antisense primer sequence (440-457 in pTm3-5) 5'-AGAGCACTGATGTTGTACTC-37sense primer sequence (923-942) 5'-TTGACGCTGAGGAGCTGA-3'), 1 mM dNTP, and 0.6 unit TaqDNA polymerase (Wako, Tokyo, Japan). Amplification was carried out by thermal cycler (Astec, Fukuoka, Japan) for 3 min at 94°C and 30 cycles as follows: I min 94"C, 1 min 55°C, and 2 min 72°C. PCR products were separated on a 1% agarose gel and visualized by ethidium bromide staining. PCR product was detected at 502 bp in transgenic and not in wild type mice. 
RNA isolation and Northern blotting
RNA was extracted from adult mouse tissue using acid phenol (Chomczynski and Sacchi, 1987) . Total RNA (10 u-g) was separated on 1.2% agarose- formaldehyde gel, and then transferred onto a Genescreen plus membrane (DuPont, Boston, MA). Hybridization with [a-32 P]-dCTP-labeled mouse pi,4GalNAc-T cDNA (pTm3-5), or P-actin cDNA (nucleotides 69-514) probes was performed as described previously (Nagata et al., 1992) , then analyzed by BAS 2000 Bio-Imaging Analyzer (Fuji Film, Tokyo, Japan).
Isolation of gangliosides and thin layer chromatography {TIC)
Isolation of gangliosides and TLC were done as described previously (Yamashiro et aL, 1995) .
Enzyme assay
The enzyme activity of pi,4GaINAc-T was measured as previously described (Yamashiro el aL, 1993) . Briefly, to prepare membrane fractions, samples were lysed using a nitrogen cavitation apparatus. Nuclei were removed by low-speed centrifugation and the supernatant was centrifuged at 105,000 x g for 1 h at 4°C. To analyze the enzyme activity of p 1,4GalNAc-T, the reaction mixture contained the following in a volume of 50 uJ: 100 mM sodium cacodylate-HCl (pH7.2), 10 mM MnCl 2 , 0.3% Triton CF-54 (Sigma), 325 JJLM GM3, 400 pM UDP-GalNAc (Sigma), UDP-[ u C]GalNAc (3.5 x 10 3 d.p.m.)(NEN), 10 mM CDP-choline (Kojin Co., Tokyo, Japan), and membranes containing 100 u-g of protein.
After incubation for 2 h at 37°C, the products were isolated by a C18 Sep-Pak cartridge (Waters, MilfonL MA) and analyzed by TLC and fluorography as described previously (Yamashiro et aL, 1993) .
Riboprobe synthesis
Digoxigenin-labeled mouse pi,4 GalNAc-T riboprobes were prepared by in vitro transcription of a BlueScriptll SK-(Stratagene, La Jolla, CA) containing mouse p 1,4GalNAc-T cDNA (pTm3-5) in the presence of digoxigenin-labeled UTP (Boehringer Mannheim, Mannheim, Germany) as described previously (Yamamoto et aL, 1992) .
In situ hybridization
Hybridization was performed as described previously (Yamamoto et aL, 1992) In brief, frozen sections of 8 p.m thick were mounted on glass slides treated with 50 (j-g/ml poly-L-Iysine (Sigma). After air-dry, the sections were fixed for 15 min in 4% paraformaldehyde in phosphate-buffered saline (PBS) at room temperature. Sections were acetylated in 0.25% (wt/vol) acetic anhydride for 10 min at room temperature. After preincubation in 50% formamide and 2x saline-sodium citerate (SSC) for 20 min at 55°C, hybridization was performed at 60°C for 12-16 h in a solution containing 50% formamide, 2x SSC, 5% blocking powder (Boehringer Mannheim), 10% dextran sulfate, 0.02% sodium dodecyl sulfate, 0.1% sarkosyl, 10 mM Tris-HCl (pH7-5), 500 u.g/ml each of salmon sperm DNA and yeast tRNA, and 2.5 u.g/ml digoxigenin-labeled riboprobes. AfteT washing four times with 2x SSC, the slides were treated with 20 u.g/ml RNase A (Sigma) in 0.5 M NaCl, 10 mM Tris-HCl (pH8.0), and 1 mM EDTA at 37°C for 30 min. The sections were washed for 30 min each in lx SSC at room temperature, O.lx SSC at 65°C. The slides were immersed in 0.5% blocking powder in 0.1 M Tris-HCl (pH7.5) and 0.15 M NaCl (buffer 1) at room temperature for 1 h and incubated with 150 mU/ml polyclonal sheep anti-digoxigenin Fab fragments conjugated to alkaline phosphalase at room temperature for 1 h. The sections were washed in buffer 1 and then washed in 0.1 M Tris-HCl (pH9.5), 0.1 M NaCl, and 50 mM MgCl 2 (buffer 2). The substrate solution contained 45 u.1 of 75 (ig/ml nitro blue tetrazolium and 35 uJ of 50 ng/ml 5-bromo-4-chloro-3-indolyl phosphate in 10 ml of buffer 2. For color development, the slides were incubated in the dark at room temperature with the substrate solution for 12-16 h. After washing in PBS, the slides were mounted with Perma Fluor (Nippon Tanner, Tokyo, Japan).
Cholera toxin staining
Frozen tissue sections of 8 nm thickness were mounted on glass slides. After air drying, sections were fixed for 5 min with cold acetone (-20°C). After washing with PBS, they were immersed in 5% bovine serum albumin in PBS for 30 min to avoid nonspecific binding. Sections were incubated for 1 h with FITC-conjugated cholera toxin (1:200) (Sigma, St Louis, MO) and washed with PBS. Samples from knock-out mice of (31,4GalNAc-T gene were used as negative controls.
Skin flap preparation and surviving skin flap analysis
Fifteen week old wild type and transgenic mice were used. All procedures were performed under ether and pentobarbital (sodium salt) (Nembutal, Dainihon Seiyaku, Japan) anesthesia essentially as described previously (Hammond et aL, 1993) . All skin flaps were based cephalad at the region of back and measured 1 x 2 cm. The flap was lift up and a nylon membrane with same size (A) Total cell number in the peritoneal exudates; 1% sodium casein in PBS was injected into peritoneum, and exudates were collected after 18 h as described in Materials and methods. Wild type (n = 13) and Tg mice (n = 13) showed significant differences (p < 0.01). (B) Cell numbers of neutrophils, monocytes, and lymphocytes in the peritoneal exudates (top). Bottom, relative number (fold increase) of each cell lineage based on the data of "top." Only neutrophil number in Tg significantly increased (p < 0.05).
of flap was inserted beneath the flap, and then flaps were sutured in place with 3-0 silk to close the wound. After 7 days, surviving surface areas were calculated by an image analyzer and statistical analysis was performed by Student t analysis. Wound sites of the skin flaps were fixed and embedded in paraffin. Sections 5 mm thick were prepared and stained with hematoxylin and eosin.
Analysis of skin reaction to silicon gel
Two hundred microliter silicon gel (kindly presented by Dowcoming Asia Co., Tokyo, Japan) was subcutaneusly injected at the back region. After 7 days, histological analysis was performed. into peritoneum and inflammatory cells were collected. Then cell number was counted by trypan blue staining. Cellular components in peritoneum and peripheral blood cells were examined under a microscope after May-Giemsa staining.
Analysis of ganglioside composition in neutrophils
Ganglioside expression on peritoneal neutrophils were analyzed with immunofluorescence. Four milliliters of 1% sodium casein/PBS was injected into peritoneum of wild type and transgenic mice. After 18 h, 3 ml RPM1 1640/10% FBS was injected into peritoneum and inflammatory cells were collected. Then these cells were incubated for 30 min in petri dishes at 37°C to remove monocytes, and washed three times with PBS. Antibodies used are mouse mAb M2590 (anti-GM3), mAb 10-11 (anti-GM2), mAb 229 (anti-GAl), mAb R24 (anti-GD3), mAb 3F8 (anti-GD2), mAb 370 (anti-GDlb), and FITCconjugated cholera toxin B subunit (GM1). Cytospin cell samples were fixed in acetone, then incubated with mAbs for 45 min at R.T. and stained with RTC-conjugated rabbit anti-mouse IgM for mAbs M2590, 10-11, 229, and 370, and FITC-conjugated rabbit anti-mouse IgGs for mAbs R24 and 3F8 for 45 min. To analyze GM1, cells were incubated with FITC-conjugated cholera toxin B subunit. Knock-out mice were similarly treated and their samples were used as controls.
Analysis of superoxide activity
One hundred microliters of mouse peripheral blood was collected from tail. Seven hundred microliters of Gel-HBSS and 50 u.1 of 0.2 |xg/ml luminol was added and stored on ice. Then cells were stimulated by 50 u.1 of 50 mg/ml opsonized zymozan. Chemoillumination was measured by chemoilluminator (Hewlett Packard) at every 2 min after addition of zymozan.
